Microscopic photoluminescence was applied to investigate lm-order inhomogeneity of InGaN alloys. Samples had InGaN/GaN multiple-quantumwell structures grown on sapphire substrates at various temperatures, and luminescence was adjusted to be green. Luminescence morphologies of dendritic appearance were observed on as-grown samples. Bright spots luminescing at long wavelengths (green to amber) were formed at high growth temperatures. After annealing at 1000°C, the bright spots disappeared and the dendritic morphology turned into a granular morphology. Because of these lm-order inhomogeneities, it has been suggested that small-scale characterization (sub-lm or smaller) requires special attention in order not to miss effects of lm-order inhomogeneity in InGaN alloys.
INTRODUCTION
The foundation of solid-state lighting technology has been served by two semiconductor material systems: AlInGaP and AlInGaN. AlInGaP currently covers the infrared-amber spectral range. AlInGaN is responsible for the ultraviolet-green range; however, luminescence efficiency in the green is relatively low. InGaN-based green emitters commonly exhibit significant blue shifts in luminescence as excitation intensity (i.e., device operation current) increases. Low efficiency and the spectral blue shift in the green range have been attributed to the following nature of the InGaN quantum-well (QW) structure grown on c-plane GaN layers. The strained QW structure induces the quantumconfined Stark effect, which may be suppressed by selecting nonpolar and semipolar orientations. InGaN alloys experience spinodal decomposition, which results in alloy phase separation forming In-rich domains in the low-In matrix and causes inhomogeneity of luminescence. Alloy phase separation is related to thermodynamics and material growth kinetics.
InGaN phase separation has been investigated via techniques such as transmission electron microscopy, [1] [2] [3] [4] scanning near-field optical microscopy, 5, 6 microphotoluminescence, 7, 8 and cathode luminescence. 9 These techniques are mostly intended to resolve the smallest possible features of alloy inhomogeneity, while large-scale features (on the order of lm or larger) are often unexamined. Additionally, high-performance optoelectronics devices are ultimately aimed at utilizing InGaN luminescence. For example, laser diodes employ contact stripes of a few lm wide to excite gain materials, where the gain distribution in the gain material becomes a question. Hence, it is of interest and importance to investigate InGaN luminescence characteristics (inhomogeneity in particular) on the optical scale in the vicinity of lm. With these issues in mind, we have employed an optical microscope to ''look at'' InGaN luminescence directly and characterize the inhomogeneity of InGaN films, rather than indirectly generating luminescence maps or images.
EXPERIMENTAL PROCEDURES
The experiments were designed to evaluate the effects of growth temperature (T g ) and postgrowth heating (to mimic thermal processes in device fabrication) on luminescence characteristics. Seven InGaN/GaN multiple-QW (MQW) samples were grown via metalorganic chemical vapor deposition on 2-inch c-plane sapphire wafers at various T g values between 780°C and 855°C. The MQW consisted of six 3-nm-thick InGaN layers separated by GaN barrier layers. The MQW structure was grown in N 2 carrier gas on a Si-doped GaN layer (4 lm thick) and capped with a GaN barrier layer on top. T g was monitored via a thermocouple placed in the graphite wafer holder. The temperature of the wafer surface typically appears 50°C to 100°C lower than T g in our growth reactor. InGaN luminescence was made to be green by adjusting the In precursor (trimethylindium) supply rate while the Ga precursor supply rate was maintained constant. During the growth, InGaN layers did not experience any temperature higher than their T g . Apart from these MQW samples, another sample that had a complete light-emitting diode (LED) structure was prepared. The LED structure consisted of an identical MQW stack (T g = 845°C) followed by a Mg-doped p-type GaN layer (grown at 880°C for 10 min) without removal from the growth chamber. The LED wafer was reheated (700°C for 15 min) for Mg activation after removal from the growth chamber.
Luminescence characteristics were evaluated via a fluorescence microscope. 10, 11 The standard V-2A filter cube selects the wavelength range (380 nm to 420 nm) of illumination generated by a metal halide lamp. With a 1009 objective lens (numerical aperture 0.90), the illumination intensity was 7 W/cm 2 at the sample. The optical resolution of the microscope was estimated to be 0.4 lm. For repetitive observations of samples (see the ''Annealed MQW Samples: Effects of Postgrowth Heating'' section), the area near the center of the sample pieces was selected for characterization. Position errors during repeated observations was within a 0.5 mm 9 0.5 mm area. The viewing field of the microscope was 200 lm in diameter, which provided an area of photomicrograph images of 60 lm 9 80 lm. A representative area was cropped from each image for presentation purposes; otherwise, the captured images were intact to avoid artificial photographic manipulation. The exposure time of image capture was varied. Luminescence spectra were recorded via a compact spectrometer combined with an optical fiber equipped on the microscope. The integration time of spectrum capture was 1 s.
The experimental procedure was as follows:
1. As-grown MQW sample wafers were characterized via the fluorescence microscope. Bright-field (BF) imaging was also performed on the microscope. Results are presented in the ''As-Grown MQW Samples: Effects of Growth Temperature'' section. 2. Two of the MQW sample wafers (with the highest and lowest T g ) were cut into pieces (approximately 5 mm 9 5 mm). Each sample piece was characterized via the microscope. These sample pieces were placed in a rapid thermal annealer and annealed in a N 2 flow at various annealing temperatures (T a ) for 1 min. T a was monitored via a thermocouple placed on the sample holder. The ascent time was approximately 1 min while the descent time varied from 3 min to 10 min depending on T a . After characterization of the 1-min annealed samples, sample pieces were subjected to an additional 6-min annealing at the same temperatures as before. The sample pieces were characterized again. Results are discussed in the ''Annealed MQW Samples: Effects of Postgrowth Heating'' section. Finally, the photoluminescence morphology of the LED sample was characterized; the result is described in the ''Annealed MQW Samples: Effects of Postgrowth Heating'' section.
RESULTS AND DISCUSSION
As-Grown MQW Samples: Effects of Growth Temperature Figure 1 compares the luminescence of the seven samples. Luminescence morphology generally consisted of two parts: bright spots and background with dendritic appearance. Bright spots were developed at high T g (above 815°C). As T g became higher, (1) the number of bright spots was increased, (2) the bright spots started losing spatial correlation with the background morphology (as if the bright spots were randomly formed, above 845°C), and (3) the bright spots appeared to be yellow and amber (above 847°C). These bright spots luminescing yellow and amber are surmised to be In-rich domains: similar long-wavelength spots have been observed via microphotoluminescence. 7 The strongest luminescence was recorded for T g = 845°C, where a large number of bright spots maintained green luminescence. Bright spots were not always small spots, but regions surrounded by bright peripheries (white circles in Fig. 1 indicate examples); we were not able to identify whether the bright peripheries were physically connected In-rich domains or caused by the effects of optical interference between discrete domains. The dendrite-like morphology (collections of luminescing curved stripes, represented well by images for T g = 780°C and T g = 840°C) was an unexpected observation: we had imagined that luminescence would be more uniform over the area of observation. The morphology was likely generated by miscible InGaN with relatively low In content, but no concrete evidence for dendritic growth has been obtained. The background became dark as T g was increased above 850°C, and dendritic morphologies were barely observed.
It is crucial to realize that the dimensions of the bright spots and dendritic morphologies were on the order of lm. It was also evident that the luminescence intensity varied significantly over areas of tens of lm (e.g., cases of T g = 850°C and T g = 855°C). These in-plane luminescence inhomogeneities are strongly influenced by growth temperature; photoluminescence spectral measurements are insufficient to reveal morphological changes. Broad spectral peaks are typically attributed to ''inferior'' materials, but they can be associated with different luminescence morphologies, as in the case of T g = 780°C and T g = 855°C, and potentially with different alloy phases. These results lead to the statement that, when small-scale characterization (sub-lm or smaller) is performed on InGaN alloys, it is essential to have information on the thermodynamic states of the InGaN alloys (related to growth conditions) and the location on the alloy being characterized (as a small drift may change luminescence from a bright spot to a dark gap in the dendritic morphology).
BF microscopic observation is insufficient to find the dendritic morphologies. Figure 2 compares BF and luminescence images of the same location on the MQW sample grown at 840°C. The bright spots were recognizable in the BF image as dark spots as a result of high optical absorption (low reflection), which was caused by the smaller bandgap of the In-rich domains. BF images showed a faint trace of dendritic luminescence morphologies, but an observer would be unlikely to find such a trace unless guided by a luminescence image showing dendritic morphologies.
Annealed MQW Samples: Effects of Postgrowth Heating
The results of luminescence characterization on the samples grown at 855°C and 780°C are summarized in Figs. 3 and 4 , respectively, where changes in luminescence morphologies caused by high T a are found. Dendritic morphologies were barely affected by annealing in both samples (Figs. 3 and 4) , indicating that miscible InGaN matrices were reasonably stable. An exception in both samples was the 7-min annealing at 1000°C, for which the dendritic morphology turned into a granular morphology. Bright spots were barely affected by annealing for T a = T g (note that T g and T a are thermocouple readout temperatures) in Fig. 3 , while they merged into the background for T a = 1000°C. The tendency for bright spots to disappear was also confirmed at intermediate temperature, T a = 955°C, over 1 min. The luminescence spectra indicated that the T a = T g condition in general generated a broad spectra with an intense longwavelength luminescence component ($530 nm) relative to the short-wavelength component ($500 nm) due to phase separation. Higher T a tended to enhance the short-wavelength component, resulting in blue-shifted spectra. Well-barrier intermixing 8 was proposed as the reason for the blue shift, in addition to InN thermal dissociation.
Despite the observations of bright spots and dendritic morphologies in the MQW samples, we noticed that the photoluminescence morphologies of LED structures typically appear granular. 11 Figure 5 shows an example of the granular luminescence morphology of the LED wafer along with that of the corresponding MQW sample (T g = 845°C). It is apparent that postgrowth heating changes the InGaN luminescence morphologies and that granular morphologies are developed after sufficient thermal treatment. Although the granular morphology may be considered to be reasonably uniform over a large scale (sub-mm), e.g., for LED chip fabrication, luminescence inhomogeneity still deserves attention in small-scale characterization of laser diode fabrication. Postgrowth thermal treatment induces changes in luminescence inhomogeneity; this fact also requires special attention when performing luminescence characterization.
CONCLUSIONS
Inhomogeneity of photoluminescence morphology was studied on green-luminescing InGaN MQW samples prepared at various temperatures. Luminescence morphologies clearly indicated lm-order inhomogeneities which were represented by bright spots and morphologies with dendrite-like appearance. Postgrowth heating of the samples induced changes in luminescence morphology and spectrum; sufficient thermal treatment (7 min at 1000°C and longer/higher) turned the dendritic morphologies into granular morphologies, which are typically found in luminescence morphologies of InGaNbased LED structures. Selection of postgrowth process temperatures in relation to T g is crucial to InGaN luminescence characteristics, especially near 1000°C. It is suggested that, for small-scale (sub-lm or smaller) characterization of InGaN alloys, it is essential to acquire information on the thermodynamic states of the alloys (growth conditions and postgrowth treatments) and the location on the alloy being characterized (because of lm-order alloy inhomogeneity).
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